Many extensions of the standard electroweak model Higgs sector suggest that the main Higgs decay channel is "invisible", for example, h → JJ where J denotes the majoron, a weakly interacting pseudoscalar Goldstone boson associated to the spontaneous violation of lepton number. In many of these models the Higgs boson may also be produced in association to a massive pseudoscalar boson (HA), in addition to the standard Bjorken mechanism (HZ). We describe a general strategy to determine limits from LEP data on the masses and couplings of such Higgs bosons, using the existing data on acoplanar dijet events as well as data on four and six b jet event topologies. For the sake of illustration, we present constraints that can be obtained for the ALEPH
Introduction
The Higgs particle remains one of the missing links in the otherwise well tested standard electroweak model (SM) [1] . Its mass is not fixed theoretically and experimental efforts to search for the higgs boson, notably at LEP, have produced a lower bound ∼ 63 GeV [2] on its mass. This bound applies to the standard model (SM) Higgs.
There exist well motivated extensions of the SM which are characterized by a more complex Higgs structure than that of the SM [3, 4] . These include (i) the minimal supersymmetric standard model (MSSM) (ii) generic two or more Higgs doublet models and (iii) the majoron type models characterized by a spontaneously broken global symmetry.
This symmetry could either be a lepton number [5, 6] , a combination of family lepton numbers or an R symmetry in the context of supersymmetry [7] . These extensions contain one or more parameters in addition to the Higgs mass. Nevertheless, a considerable region of the parameter space has already been ruled out in these models using the LEP data [8] .
Among the three extensions mentioned above, the majoron type models are qualitatively different compared to the other two as well as to the SM. These models contain a massless goldstone boson, called majoron. There are many types of majoron models [6] . Many of such models are characterized by the spontaneous violation of a global U (1) lepton number symmetry close to the electroweak scale. This could also have important implications for the structure of the electroweak phase transition and the generation of the electroweak baryon asymmetry [9] .
In such models the normal doublet Higgs is expected to have sizeable invisible decay modes to the majoron, due to the strong higgs majoron coupling [10] - [14] . This can have a significant effect on the Higgs phenomenology at LEP. In particular, the invisible decay could contribute to the standard signal looked for at LEP namely two acoplanar jets and missing momentum. This feature of the majoron model allows one to strongly constrain the Higgs mass [15, 16, 17] in spite of the occurrence of extra parameters compared to the standard model. In particular, the limit on the predominantly doublet Higgs mass can be seen to be close to the SM limit irrespective of the decay mode of the Higgs boson [15, 16, 17] .
Apart from giving an interesting twist to the Higgs search strategy, the majoron models are quite well motivated theoretically [6] . They allow the possibility of spontaneously generating lepton number violation and hence neutrino masses. The Higgs couplings to majorons in these models were discussed at length in [18] .
As far as the neutral Higgs sector is concerned, all the models fall in two categories.
(A) Minimally extended SM characterized by the addition of a singlet Higgs: Such models are typical examples of mechanisms where the neutrinos obtain their mass at the tree level [19] . (B) Models containing two Higgs doublets and a singlet under the SU(2) × U (1) group: These models though more complex arise naturally in trying to generate the neutrino mass radiatively. The Zee type [20] model modified to obtain spontaneous lepton number violation is a typical example [9] in this category. These models have the virtue of explaining smallness of neutrino masses without invoking any high scale. Moreover, type B models are different from the type A ones as far as the Higgs phenomenology is concerned since they contain a massive pseudoscalar which can be produced in association with the Higgs as in MSSM. All the existing analysis of the invisible Higgs search [15, 16, 17] have concentrated on type A models and hence on the Bjorken process.
In this letter we extend this analysis to include the type (B) models and particularly the associated production of the pseudoscalar Higgs boson. We describe a general strategy to determine limits from LEP data on the H and A masses and couplings using the existing data on acoplanar dijet events. We also show how one can set decay mode-independent limits on H and A masses and couplings by including data on four and six b jet events. For the sake of illustration, we display the constraints that can be obtained for the published ALEPH data.
where a sum over repeated indices i=1,2 is assumed. Here φ 1,2 are the doublet fields and σ corresponds to the singlet carrying nonzero lepton number.
In writing down the above equation, we have imposed a discrete symmetry φ 2 → −φ 2 needed to obtain natural flavour conservation in the presence of more than one Higgs doublet. For simplicity, we assume all the couplings and VEVS to be real.
After minimization of the above potential one can work out the mass matrix for the Higgs fields. To this end we shift the fields as (i=1,2)
The masses of the CP even fields R a (a=1...3) are obtained from
with
The physical mass eigenstates H a are related to the corresponding weak eigenstates as
It is convenient to parametrize the matrix O as
where c α ≡ cos α etc.
In addition, there exists also a massive CP odd state A, related to the doublet fields as follows
Its mass is given by
where
we have a total of three massive CP even scalars H i (i=1,2,3), plus a massive pseudoscalar A and the massless majoron J, simply given as J = I 3 .
At an e + e − collider there are two main production mechanisms that allow the production of the higgs boson through their couplings to Z. The relevant couplings for their production through Bjorken process (HZ) are given as follows (a=1...3)
As long as the mixing appearing eq. (11) is O (1), the Higgs bosons can have significant couplings and hence appreciable production rates through the Bjorken process.
In addition, the H a can also be produced in association with the CP odd field A through the HA coupling
In what follows we assume that at LEP only the the lightest of the CP even Higgs boson, denoted by H 1 ≡ H can be accessible. Using the matrix O of eq. (8) in eq. (11) and eq. (12) one gets the couplings of H to ZZ and HA as
and
As expected, one recovers the well known expressions for the two doublets case in the limit θ → 0. In particular, note that for sizeable value of cos θ, one cannot simultaneously suppress the production of Higgs through eq. (13) 
where tanγ ≡
. We have made use of eq. (6) and eq. (7) in writing the last line.
Note from eq. (15) that the CP even scalar Higgs bosons H i couple strongly to a pair of majorons leading to the invisible decay signature. In contrast to H i , the pseudoscalar A does not decay into one or three majorons since the couplings AJ 3 or AHJ, although possible in general, do not exist at tree level in our simplest model described above.
Because of the form of the scalar potential given in eq. (1) obtain their mass by coupling to only one higgs boson, as in the models considered in ref. [13, 9] , then one has
and the sum is over all the fermions except b. The rate for H → bb can be expressed as
On the other hand the width for the invisible H decay can be parametrized by
(21) * * Note that A could decay invisibly at the tree level through the process A → Z * H → ννJJ. However the branching ratio in this mode is quite small. For many choices of parameters the invisible decay mode can be rather important and, in fact, provide the strongest limits. Finally, note that additional decay modes of H to AA may also exist.
Search Strategy and Analysis
Since A can decay only visibly, one expects dijets + missing momentum as a signal of the Higgs production in our simplest model. This signal arises from three processes - in the LEP data and obtain the corresponding mass limit [2] . More recently the analysis has been extended to the invisibly decaying Higgs signal (second process) and obtain the corresponding mass limits for the A type majoron models [15, 16, 17] . In this section we shall extend the analysis further to include the Higgs signal from the third process of associated production (HA) and study the resulting mass limits for the B type models. We shall use a parton level Monte Carlo event generator, which has been shown [16] to reproduce the signals obtained with the full Monte Carlo program [8] quite well.
For our illustrative purposes, below we will determine the corresponding Higgs boson mass limits which can be obtained from the ALEPH data sample of ref. [2] based on a statistics of ∼ 1.23 million hadronic Z events. A detailed account of the experimental cuts can be found in [8] . We shall only summarize the main features. One starts with a visible mass cut, M jj < 70 GeV, to ensure a sizeable missing energy (E /) and momentum ( p /). A low angle cut, requiring the energy deposit within 12
• of the beam axis to be < 3 GeV between the two jets to be < 175
• . An acoplanarity cut for 3-jet like events, requiring the sum of the 3 dijet angles to be < 350 • , removes the E / background arising from the fluctuation of these jets. The remaining few events are residual two-photon events, which are removed by a total p T cut. The cuts remove all the events from the data sample [8] , while retaining > ∼ 50% of the signal for each of the three processes mentioned above.
We denote the number of signal events for the three processes, after the cuts, by N SM , N JJ and N A respectively, assuming no suppression due to the mixing angles or branching fractions in each case. Then the expected number of signal events, after incorporating these effects, is given by
is the branching fraction for the H decaying into the invisible mode and ǫ A ≡ sin(β − α) cos θ and ǫ B ≡ cos(β − α) cos θ.
The number of signal events for the three processes that pass the cuts are shown in We shall now consider the limits which can be obtained by comparing eq. (22) with the 95% CL limit of 3 events, corresponding to 0 events in the data sample [8] after the cuts.
First, we assume that B=0. In this case we get the limits corresponding to the SM decay mode. Note that this is the weakest possible limit for the Bjorken coupling strength
B . This is in complete agreement with the results of ref. [15, 16] as seen in Fig. 2 . Note that in this case we can set no limits on ǫ We can also obtain limits assuming B=1. From Fig. 1 one can see that, except for the region very close to the edge of the phase space, m A + m H ∼ m Z , the major contribution comes from the associated production (N A ) allowing the corresponding coupling strength parameter ǫ 2 A to be strongly constrained, as seen in Fig. 3 . It is easily seen that the limits close to the edge of the phase space are typically at the level ǫ 2 A ∼ 0.05. However, very close to the kinematical limit the Bjorken process becomes important and could further strengthen the limits we have obtained. Outside the region where associated production is kinematically possible, the Bjorken process can still take place and the limits on ǫ 2 B are the same as obtained in ref. [15, 16, 17] . The limits on the coupling strengths ǫ can be improved further by using more recent data from LEP.
In the case B=0 considered earlier one does not get any limit on ǫ 2 A since in this case the associated production does not lead to the dijets + missing momentum signal, we have considered so far. However one could derive limits on the ǫ 
where BR νν is the Z decay branching ratio into one generation of neutrinos in the SM, the factor 1/2 refers to the scalar HA decay mode and λ is the corresponding phase space
The resulting excluded regions are shown in Fig. 4 . On the other hand if H has a mass bigger than 2m A then eq. (24) would give a weaker limit since it should now be multiplied by the branching ratio for H into 2b. But now additional information can be obtained from the study of events with six b jet topologies. One may obtain a similar limit using an illustrative reference limit for the corresponding branching BR(e + e − → H A → 6b) ≤ 4 × 10 −4 .
Discussion
Here we have shown that the production of invisibly decaying Higgs bosons in Z decays through the associated channel HA can lead to substantial limits on Higgs boson masses and couplings. Such invisibly decaying Higgs bosons arise in a wide class of SU(2) ⊗ U (1) majoron-type models, such as the majoron extension of the Zee model for radiatively induced neutrino masses, as well as extensions of the minimal supersymmetric standard model with spontaneously broken R parity [7] .
Note that it is also possible to derive a truly decay mode independent limit on the H mass in the case of associated HA production by allowing B to vary from 0 to 1 and by combining the data on dijet + missing momentum, with those from four and six b jet searches described above.
It is important to update the limits obtained here by using the full statistics provided by the four LEP experiments and take them into account in designing the strategies to search for the Higgs boson at higher energies, such as at the LHC [22] and NLC [21] .
Finally we note that a similar analysis may be performed in the context of the minimal supersymmetric standard model, where the invisible decay of the Higgs bosons into neutralinos may take place. A major difference in the latter case arises from the fact that in the MSSM case the pseudoscalar boson A is the one most likely [23] to decay invisibly, whereas in the case discussed in the present paper the pseudoscalar A always decays into bb. Numbers of expected dijet+missing momentum events for the processes e + e − → Z * H → νν bb (N SM ), e + e − → Z * H →JJ (N JJ ) and e + e − → H A → J Jbb (N HA ) after imposing ALEPH cuts [8, 2] .
Figure 2
Illustrative limits on ǫ 2 B for visibly decaying H (B=0) from the Z * H → νν + two jets channel as a function of m H using the ALEPH data of ref. [2] .
Figure 3
Limits on ǫ 
